TMAO and urea are both osmolytes found in many marine animals, yet show opposite effects in (de-)stabilizing proteins.
INTRODUCTION
Trimethylamine N-oxide (TMAO) and urea are both osmolytes, which allow living cells to adjust their osmotic pressure; with high concentrations of both urea and TMAO, marine animals can keep the osmotic pressure comparable to that of seawater.
1 Intriguingly, the effects of these osmolytes on protein structures are opposite; TMAO stabilizes the secondary structure of proteins, 2, 3 and can efficiently counteract protein denaturation due to urea, often at an approximate molecular ratio of 1:2 (TMAO:urea). 4, 5 The molecular mechanism underlying this compensation is however still discussed controversially. 5-10 Thus, detailed molecular-level insight into how TMAO and urea interact in an aqueous environment is a key to understanding their role as chemical chaperones to maintain protein functionality. In the context of synthetic biology, such understanding is a prerequisite for the design of synthetic chaperones.
TMAO-urea interactions in an aqueous environment have been studied by focusing on the TMAO-water interaction, [11] [12] [13] [14] urea-water interaction, 13, [15] [16] [17] [18] [19] and TMAO-urea interaction, 9, 19-22 using various techniques including pump-probe spectroscopy, neutron scattering, and molecular dynamics (MD) simulations. Also, the effects of TMAO and urea on protein structures in aqueous solution have been examined. 2, 4, [23] [24] [25] [26] [27] [28] [29] Regarding TMAO-urea interactions, previous studies using force field MD (FFMD) simulations 7, 9 and neutron scattering measurements 7 have proposed that TMAO and urea interact through the hydrogenbond (H-bond) between the NUREA-HUREA groups of urea and the hydrophilic OTMAO-NTMAO group. Here, NUREA (HUREA) denotes the nitrogen (hydrogen) atom of urea and OTMAO (NTMAO) denotes the oxygen (nitrogen) atom of TMAO. Other studies have concluded that TMAO and urea form no direct H-bonds but their effect on water and biomolecules is independent of each other. 6, 21 From a computational perspective, TMAO and urea force field models substantially influence the simulation results. 30 As such, the precise modeling of TMAO-urea interaction and the associated molecular conformation have remained elusive.
Here, by combining free energy calculations using ab initio MD (AIMD) simulations together with timeresolved infrared (TR-IR) spectroscopy and nuclear magnetic resonance (NMR) spectroscopy, we elucidate the preferred conformation of the TMAO-urea complex in water and the underlying mechanism for the TMAO-urea interaction. AIMD allows us to sample molecular conformations based on electronic structure theory, providing a more robust description of TMAO solvation dynamics than that obtained with FFMD. [31] [32] [33] Our AIMD simulations indicate that TMAO and urea prefer interacting via hydrophobic interaction, as opposed to recent reports. 6, 7, 9, 10, 22 Experimental TR-IR studies of water dynamics in aqueous TMAO-urea solutions confirm that TMAO preferentially H-bonds to water, rather than to urea.
The NMR experiments provide evidence for the close proximity between urea and the hydrophobic methyl groups of TMAO. Our analysis uncovers that the large discrepancy between the H-bond strength of the strongly accepting OTMAO atom and the weakly donating HUREA atom prohibits the direct H-bonded TMAO-urea interaction.
RESULTS
To explore the free energy landscape of the TMAO-urea interaction and the molecular conformations in aqueous solution, we examine the interaction potential as a function of the separation between TMAO and urea in aqueous solution. Therefore, we calculated the potential of mean force (PMF) by varying the intermolecular distance (r) between the OTMAO atom and the carbon atom of urea (CUREA). Details are provided in Simulation Procedures and Supplemental Information. First, we compare the calculated free energy landscape of the AIMD and FFMD simulations. Figure 1 shows the simulated PMFs of the TMAOurea interaction. Both AIMD and FFMD PMFs have a minimum at a distance of 5.3 Å ≤ r ≤ 5.7 Å (the green shaded region), while the PMFs differ substantially at shorter TMAO-urea distances (r < 5.3 Å);
the AIMD PMF suggests that the TMAO-urea interaction becomes increasingly unfavorable with decreasing r, while the FFMD simulation predicts the most stable TMAO-urea conformation is located at r = 4.1 Å (the yellow shaded region). Note that our study employed the AIMD simulation within the generalized gradient approximation for exchange-correlation functionals. A future challenge is thus to perform the PMF calculations with more sophisticated ab initio models (e.g., hybrid generalized gradient approximations). 34 Nevertheless, the similarity of the PMFs obtained using different functionals (BLYP 35, 36 and revPBE 37 with Grimme's D3 correction 38 ) suggests that the general shape is not critically affected by the choice of the functional. 39 ). Here, the charges of the CTMAO and HTMAO atoms were fixed, while the charge assigned to the NTMAO atom was adjusted to ensure charge neutrality of TMAO. The increased partial charge on the OTMAO atom enhances the H-bond accepting strength of TMAO. 32 Nevertheless, counter-intuitively, the enhanced H-bond accepting strength of TMAO destabilizes the TMAO-urea H-bond interaction in water.
As can be seen from the simulated PMFs in Figure 2A , an increase in the partial charge on the OTMAO atom elevates the PMF at r = 4.1 Å, while it does not substantially affect the PMF at r = 5.3 Å. Despite the increase of the H-bonding strength of TMAO, the H-bonded TMAO-urea complex is destabilized, while not affecting the hydrophobic complex.
Subsequently, we focus on the effects of the charge distribution of urea on the PMFs by scaling the atom charges of the OPLS urea model. We increased the partial charge of HUREA, thereby increasing the H-bond donating strength of urea. The simulated PMFs ( Figure 2B) show that a higher partial charge on the HUREA atom lowers the PMF at r = 4.1 Å: a stronger H-bond donating urea intuitively stabilizes the directly Hbonded TMAO-urea conformation.
This opposite effect of increasing the H-bonding strengths of TMAO and urea on the stability of their Hbonded conformation obviously cannot be explained solely from their pair interaction potential; the increase in the absolute value of charges on either OTMAO or HUREA strengthens the OTMAO···HUREA H-bond.
Consequently, the data suggest that water plays a key role in the ( of the OTMAO partial charge is increased, the OTMAO···HW H-bond dynamics slows down even more. Similarly, the decrease in HUREA partial charge accelerates the HUREA···OW H-bond dynamics. As such, an increase in the absolute value of the OTMAO charge (decrease in the HUREA charge) enhances the difference between OTMAO···HW (HUREA···OW) and OW···HW H-bond strength and lifetimes. Apparently, as the PMFs in Figure 2 reveal, the enhanced differences in the H-bond strengths of OTMAO···HW and OW···HW and those of HUREA···OW and OW···HW both destabilize the directly H-bonded TMAO-urea conformation.
Why does such enhanced difference of TMAO-water or urea-water H-bonds relative to water-water Hbonds destabilize the TMAO-urea conformation? This can be understood as follows: an increase in the absolute value of the OTMAO charge makes the OTMAO···HW interaction more favorable than the OTMAO···HUREA interaction, as the difference in the interaction energy increases due to the enhanced electrostatic contributions. The decrease in the HUREA charge also makes the OTMAO···HW interaction more favorable than the OTMAO···HUREA interaction, since the OTMAO···HUREA interaction is destabilized.
Based on this understanding, we turn our focus to the AIMD H-bond dynamics in Figure 3B . The differences between the OTMAO···HW, OW···HW, and HUREA···OW H-bond dynamics are more pronounced in the AIMD simulation than in the FFMD simulation. These variations in inferred H-bond strengths are corroborated by the conformational energy data obtained by force field and density functional theory (DFT) calculations (see Sections 1-k and 1-l of Supplemental Information). Based on the above notion, the enhanced difference in the H-bond strengths of TMAO and urea in the AIMD simulation leads to an even more unfavorable H-bonded interaction of TMAO-urea, consistent with the PMF (Figure 1 ). As such, our AIMD results show that the OTMAO atom is preferentially H-bonded to water molecules in aqueous solutions of TMAO and urea, in contrast to previous reports based on FFMD results. 7, 9, 30 Because of the unstable H-bonded TMAO-urea conformation, the hydrophobic association of TMAO and urea becomes the only favorable TMAO-urea conformation.
Experiments support the conclusion that TMAO and urea interact hydrophobically, rather than through H-bonding interaction in the aqueous mixture. As discussed below, polarization-resolved femtosecond infrared pump-probe experiments 43, 44 reveal that TMAO H-bonds preferentially with water, rather than with urea. The results of NMR experiments are likewise consistent with the hydrophobic interactions between TMAO and urea.
In the femtosecond TR-IR experiments, the effect of TMAO and urea on the dynamics of water is investigated. In these experiments, an intense IR pulse excites the O-D stretch vibration for HOD molecules diluted in H2O. Since O-D oscillators parallel to the laser pulse polarization are preferentially excited, the excitation is anisotropic. Due to the random orientational motion of water, the anisotropy decays (with a decay time of ~2 ps for pure water). Experimental details are provided in Supplemental Information. The anisotropy decay data are displayed in Figure 4A . The comparison of neat water (black) and aqueous TMAO solution (red) indicates that the presence of TMAO causes the orientational motion of a significant fraction of the O-D groups to be slowed down substantially, with no reorientation discernible within the experimentally accessible time window of ~5 ps. 43 This "immobilization" is caused by the formation of strong, long-lived OTMAO···HW H-bonds. 11, 44 To quantify the fraction of immobilized water, we fit a monoexponential decay with an offset (A∞) to the experimental data, where A∞ is proportional to the number of immobilized water molecules. 17 These fits confirm the qualitative observations: 2 M TMAO immobilizes 30% of the water molecules (A∞ = 0.12 out of 0.4) (see Figure 4B ). As the observed immobilization of water dynamics due to TMAO predominately originates from the strong H-bonds between OTMAO and water, the insensitivity of water rotational motion towards urea indicates that the long-lived OTMAO···HW H-bonds stay intact for all studied solutions. Thus, in line with the AIMD results, the rotational dynamics of water as measured with IR pump-probe spectroscopy provides experimental evidence for the absence of direct H-bonds formed between TMAO and urea, which would release HOD molecules bonded to TMAO and thus speed up water dynamics. This notion is consistent with an earlier dielectric relaxation study. 22 Contrarily, the observed slowing-down upon addition of urea to a 2M solution of TMAO is in quantitative agreement (an increase of A∞ by ~0.03 upon addition of 4M urea) with what has been observed for aqueous solutions of only urea. 17 As such, the effect of TMAO and urea on water dynamics is found to be simply additive. This observation indicates that the TMAO-urea interaction does not involve water and that the TMAO-urea interaction does not affect the interaction of the two molecules individually with water. Hence, this is fully consistent with the TMAO-urea interaction occurring through hydrophobic moieties. 
TMAO (HW…OTMAO) H-bond by a urea-TMAO (HUREA…OTMAO) H-bond, a down-field shift of the
TMAO's CH3 groups would be expected. Although it is generally extremely challenging to directly prove intermolecular interactions using NMR for such weak association, 45 the NMR spectra together with the chemical shift calculations provide evidence for the proximity of urea to TMAO's CH3 groups. Thus, the NMR chemical shifts are also consistent with the hydrophobic interaction between TMAO and urea.
DISCUSSION
As is shown above, the orthogonal prediction of favorable TMAO-urea H-bonded conformation by FFMD 7, 9 arises from the inaccurate Kast model of TMAO and OPLS model of urea. In fact, it is known that these models cannot reproduce the vibrational signature of water in the aqueous TMAO solution. 11, 46 Furthermore, urea is too hydrophilic when the OPLS model is used. 15 Such a combination of force field models misrepresented the physical picture of TMAO-urea conformation. Furthermore, the radial distribution function of water-water in the aqueous TMAO solution measured by neutron scattering measurement is ill-defined when varying the concentration of solute. Indeed, by increasing the urea concentration, one can expect that the hydration number of water-water reduces, which is consistent with the neutronscattering data. Thus, the reduction of the hydration number of water-water does not necessarily indicate that urea progressively replaces the water molecules in the first coordination shell of the TMAO oxygen atom. 6 Our NMR/TR-IR measurements can probe such TMAO-urea conformation more clearly.
The observation of the hydrophobic interaction between TMAO and urea has three major implications.
(1) The (ensemble) averaged strength of all H-bonds that water forms is correlated to the solution osmotic coefficient. In urea solution, the H-bond strength of water is reduced, as urea-water H-bonds are weaker than water-water H-bonds and thus decrease the osmotic coefficient. TMAO can counter this decrease in the osmotic stress due to urea, by forming stronger H-bonds to water than water-water H-bonds. Our findings thus provide a rationale for the counteracting effects of TMAO and urea on the osmotic stress.
This counteraction occurs via independent interaction of urea and TMAO with water, which is in line with the conclusions from experimental measurements of the osmotic pressure for TMAO-urea solutions. 10 (2)
We observed that, the hydrophobic TMAO-urea interactions are more favorable than their H-bonding interaction. This hydrophobic interaction between TMAO and urea can thus explain the non-ideal behavior of the viscosity and the molecular rotation times of TMAO and urea in aqueous solution, which some of us have ascribed previously to water mediated interactions between TMAO and urea. 22 Along those lines, Rosgen and Jackson-Atogi have shown that TMAO behaves like hard-sphere with two hydration sites which can be replaced by urea. 10 Our results show that the hydration sites where urea replaces water are located at the hydrophobic methyl groups of TMAO instead of the previously supposed hydrophilic part. (3) The hydrophobic TMAO-urea interaction might be counterintuitive at first sight, since urea does not have any specific hydrophobic (e.g., methyl) groups. The weak H-bond acceptor and donor strength together with urea's rather planar geometry, makes it difficult to incorporate urea into the H-bonded structure of water. This leads to rather hydrophobic behavior of urea where dispersion interactions are important, which has recently been confirmed from experiments using thermodiffusion. 47 In summary, our combined AIMD, ultrafast polarization-resolved infrared measurement, and NMR measurement show that TMAO does not directly H-bond with urea in aqueous solution, in contrast to conclusions from previous FFMD studies. The unfavorable direct TMAO-urea interactions can be traced back to the large difference in their H-bonding abilities: TMAO-water H-bonds are much stronger than ureawater H-bonds. The TMAO-urea interaction is more favored by hydrophobic interaction between the methyl groups of TMAO and urea, and thus water molecules H-bonded to TMAO are not replaced by urea.
Our results show that the different, compensatory osmotic effect of TMAO and urea stems from their individual and independent interactions with water.
SIMULATION PROCEDURES PMF calculation
We computed the PMF via the thermodynamic integration:
where 2 ln( / 0 ) represents the contribution of the volume-entropy, ( ) is the force acting between the constrained CUREA and OTMAO atoms when the OTMAO-CUREA distance is equal to , and 0 represents the maximum OTMAO-CUREA separation for calculating the PMF. We constrained the distance between OTMAO and CUREA ranging from 3.60 to 6.60 Å with an interval of 0.25 Å. The constraint was made by using the SHAKE algorithm. 49 The choice of reaction coordinate, the effect of the elevated temperature on the PMF, and the effect of simulation cell size on the PMF are illustrated in Figure S1 , S2, and S3, respectively.
FFMD simulation
We used the Kast model for TMAO, 41 the OPLS model for urea, 50 and SPC/E model for water 51 in force field molecular dynamics (FFMD) simulation. Such a combination of force field models has been used to show the strong direct hydrogen-bond (H-bond) between TMAO and urea. 9 Furthermore, we used two different TMAO models (the Shea model 40 and the Netz model 39 ) and one urea model (the KirkwoodBuff (KB) model 15 ). The combination rules used for the LJ interactions in this study are as follows: σ = √ and ij = √ , where denotes the van der Waals (vdW) radius of atom i, and denotes the well depths of atom i. Such combination rules were also adopted in a recent study of association of hydrophobic molecules in TMAO-urea-water solution. 30 For the analyses in Figure 2A , we varied the charges of the OTMAO and NTMAO atoms in the Kast model. 41 The charges were obtained by combining the partial charges of the Kast model (qKast) 41 and the Netz model (qNetz). 39 In the Kast and the Netz TMAO models, the partial charges of the OTMAO and NTMAO atoms are different, while the partial charges of the CTMAO and HTMAO atoms are the same. By varying the partial charges, the hydrophilic part of the TMAO force field gradually changes from the Kast model to the Netz model. 39 Note that the Netz model is known to reproduce the H-bond dynamics of water. 32 We summarized the partial charges for TMAO models in Table S6 in the Supplemental Information. For the analyses in Figure 2B in the main text, we varied charges of urea by scaling the partial charges of the OPLS urea model 50 with different factors. We summarized the partial charges in the urea models in Table   S7 in the Supplemental Information.
For all these simulations, temperature was controlled by using the thermostats of canonical sampling through velocity rescaling 52 with a time constant of 300 fs. The timestep for integrating the equation of motion was set to 0.5 fs. The CP2K software package 53 was used in all the FFMD simulations. Further details on the simulation protocols are presented in Sections 5-a, b, c, d, e in Supplemental Information.
We further analyzed the effects of the LJ radii of the CTMAO and HTMAO atoms in the Kast model on the PMF (see Table S1 and Figure S2 in Supplemental Information) and the PMFs computed with other combinations of the force field models of TMAO and urea ( Figure S3 in the Supplemental Information). The H-bond dynamics of the OPLS urea and the KB urea models (see Figure S5 in the Supplemental Information) and the conformation energies of H-bonded dimer of TMAO-urea and TMAO-water (see Table   S2 in the Supplemental Information) are consistent with our rational of the difference of force fields.
AIMD simulation
In AIMD simulations, all the molecules were deuterated. The Born-Oppenheimer AIMD simulations were performed with density functional theory. For the exchange and correlation functional, we used the Becke 35 /Lee-Yang-Parr 36 (BLYP) and revised Perdew-Burke-Ernzerhof (revPBE) 37 functionals together with the van der Waals correction of the Grimme's D3 method. 38 The van der Waals corrections are crucial to reproduce the correct water density and dynamics. [54] [55] [56] We employed the Goedecker-Teter-Hutter pseudopotentials 57 and the hybrid Gaussian and plane waves method. The TZV2P basis sets were used for the Gaussian wave functions. A 320 Ry cutoff was used for the auxiliary plane waves. Periodic boundary conditions were employed. The temperature was controlled by using the thermostats of canonical sampling through velocity rescaling 52 with a time constant of 300 fs. The timestep for integrating the equation of motion was set to 0.5 fs. The QUICKSTEP module implemented in the CP2K software package 53 was used in all the AIMD simulations. The convergence of the limited AIMD trajectory was exam- We note that since the computational cost for AIMD simulation for TMAO-urea aqueous solutions is huge, we used the exchange-correlation functionals within the generalized gradient approximation (GGA) such as BLYP and revPBE. Recently, the high-level computation with hybrid GGA was used for computing the simple NaCl aqueous solution, 34 which is however ~10 times more demanding, compared to the GGA-AIMD simulation. Thus, in this study, we compared the accuracy of the GGA functionals by comparing the conformational energy of TMAO and urea (see Tables S3 and S4 in the Supplemental Information). Calculating the PMF with hybrid GGA would be thus a future challenge.
EXPERIMENTAL PROCEDURES

Polarization-resolved femtosecond infrared pump-probe experiments
Femtosecond laser pulses from a regenerative amplifier (Spectra Physics, Spitfire Ace, 800 nm, 35 fs, 1 kHz repetition rate) were converted into mid-IR pulses ( = 2500 cm -1 peak frequency and ~ 400 cm -1 FWHM) using an optical parametric amplifier together with a difference frequency generation stage (Light conversion, TOPAS) and split into pump and probe pulses. A half-wave plate was used to rotate the pump polarization to 45º with respect to the probe polarization. The timing of the pump pulses was delayed relative to the probe pulse using a translational stage and both the pump and the probe pulses are focused into the sample and re-collimated using off-axis parabolic mirrors. For the probe pulse, the component parallel and perpendicular to the pump polarization can be selected by using a polarizer, giving the parallel (∆ ∥ ( , )) and perpendicular (∆ ⊥ ( , )) transient (pump-induced) absorption spectra, respectively. Both components were spectrally dispersed onto a 2 × 32 MCT (mercury-cadmium-telluride) array, where both the intensity with and without the pump is detected ( probe ). For active noise reduction a reference beam was detected simultaneously and the pump beam was modulated at 500Hz using an optical chopper. was constructed and fitted by a two-step relaxation model to extract the contributions of vibrational excitation and the heating to the signal. 58 The dynamics of isotropic component is shown in Figure S13 in the Supplemental Information.
The anisotropy of the excitation, as shown in the main manuscript, R(,t) was calculated by
where ∆ ∥ ′( , ) and ∆ ⊥ ′( , ) correspond to the parallel and perpendicular transient spectra, corrected for the heating contributions (for details see Refs. 17, 43).
We used Trimethylamine-N-oxide dihydrate (SigmaAldrich, >99%) and urea (SigmaAlrich >99%) without further purification. All samples were prepared by weighing the appropriate amount of trimethylamine-N-oxide dihydrate and urea into volumetric flask and mixing them with 5wt% heavy water (SigmaAldrich, 99.9 %D) in Milli-Q water (Millipore, 18.2 M cm at 25 deg).
H NMR measurement
To determine the chemical environment of the hydrophobic CH3 groups of TMAO as a function of urea concentration we performed 1 H-NMR experiments. 1 H-NMR spectra of the solutions in H2O were recorded using a 850 MHz Bruker AVANCE III system equipped with a 5 mm triple resonance TXI 1 H/ 13 C/ 15 N probe with a z-gradient. For the proton NMR spectra 16 to 64 transients (depending on the urea concentration) using a 9 µs long 90° pulse and a 17000 Hz spectral width together with a recycling delay of 10 s. For referencing, a sealed capillary with DMSO-d6 was placed inside the 5 mm tube with a small fraction of DMSO-d5H. Since the local magnetic field inside and outside the capillary may differ, we measured a neat water sample with the DMSO-d6 capillary inside to account for the difference in magnetic field. We calibrate the DMSO-d5H signal to 3.05 ppm, such that the peak of H2O in neat water is centred at 4.8 ppm. All subsequent samples were referenced based on the DMSO-d5H signal at 3.05
ppm. Using this referencing approach, the observed chemical shift of TMAO's CH3 groups at ~3.28ppm
is in broad agreement with previous studies. 59 The temperature was controlled to 298.3 K with a VTU (variable temperature unit) and an accuracy of +/-0.1 K. Experiments were performed using a constant concentration of TMAO (0.35 M) with increasing concentration of C13-urea (0-0.49 M). The data of other hydrogen atoms (DMSO and urea) are shown in Figure S14 in the Supplemental Information.
The ab initio calculation of the chemical shift is described in Section 4, Figure S15 , 
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